DC/DC converter for fuel cell vehicles is required to operate in high voltage gain and wide voltage range conditions, which traditional boost converter is difficult to meet. In this paper, the control strategy of a quasi-zsource boost converter used in fuel cell vehicles is studied. Based on the small signal dynamic modeling method, the double-closed-loop control strategy of voltage and current is adopted. In addition, the input voltage feedforward compensation control strategy is adopted to improve performance in rejecting Input voltage disturbance. A 400W prototype is built for experimental verification. Experimental results show that the proposed input voltage feedforward compensation strategy and double-closed-loop control strategy of voltage and current effectively improve the system dynamic response speed and robustness.
Introduction
Lots of traditional fuel cars has posed great challenges to the world's energy and environment. For this reason, all countries in the world are carrying out research on new energy vehicles. Fuel cell vehicles have become an important development direction in the field of new energy vehicles due to their advantages of high energy efficiency, zero emission and no pollution [1] . However, the output characteristics of fuel cells for are relatively soft and the output voltage decreases too fast as the output current increases. Because of the slow dynamic response speed, the fuel cell is difficult to track the rapid variation of the vehicle power demand. In addition, the fuel cell output voltage is low, so it is difficult to provide the bus voltage requirement [2] . A DC/DC converter with high gain, strong disturbance resisting ability and fast dynamic response needs to be designed.
Isolated dc converter is easy to achieve high voltage gain. However, due to the transformer, the volume of converter increases, which is not suitable for vehicle [3] . Traditional boost topology is still used in some applications due to simple structure. However, its application in electric vehicles is limited due to low voltage gain and high device stress [4] . In view of the research on high-gain DC/DC converter, a multistage boost cascade converter is proposed. Although it can achieve high voltage gain, it has complex structure, high cost and low efficiency [5] . In [6] , a boost topology consisting of switching inductor and capacitor is proposed to achieve voltage gain, but the devices still have high voltage stress. In [7] , a hybrid three-level boost converter with high voltage gain is proposed. However, the grounds between input and output terminals are inconsistent, which may cause some safety problems. In [8] , the topology consisting of switching inductor and quasi-z source network is proposed, but it has some disadvantages such as complex circuit, large size and high cost.
A quasi-z-source boost converter is proposed in [9] . In this topology, the voltage stresses of the power semiconductor devices and capacitors in the topology are low. In addition, the topology can achieve high voltage gain and duty cycle is sless than 0.5. However, the influence of load disturbance and input disturbance on the converter control system has not been deeply studied.
In this paper, based on the topological structure proposed in [9] , a double-closed-loop PI controller of voltage and current is designed. Input voltage feedforward compensation strategy is adopted to improve the system's ability to resist input voltage disturbance. A 400W experimental prototype is built to verify the robustness of the designed control system.
Topology analysis and dynamic modeling of converter
The topology structure of quasi-z-source boost converter is shown in Figure 1 . The U is the output voltage of the fuel cell and the diode D prevents the current from flowing back to the fuel cell. The red part of the circuit in Figure 1 is the quasi-z-source network.
Figure 1
The topology structure of quasi-z-source boost converter
When the power switch Q is switched on, diodes D2, D3 and D5 are switched off and four current loops appear in the circuit. The power supply voltage Uin and capacitor C2 charge the inductor L1 through diode D1 and power switch Q. C1 charges L2 through Q. C5 charges C3 through D4 and Q. C4 and C5 in series supply power to load R.
When the power switch Q is switched off, the diode D4 is switched off and four current loops also appear in the circuit. Power supply Uin and inductor L1 charge capacitor C1 through diodes D1 and D2. Uin, L1 and L2 charge C5 through D1, D2 and D3. Uin, L1, L2 and C3 charge the series parts of C4, C5, and load R through D1, D2 and D5. L2 charges C2 through D2.
In two working states of topology, by applying the voltage-second balance rule to inductors L1 and L2 and applying the ampere-second balance rule to capacitors C1, C2, C3, C4 and C5, formula (1), (2) and (3) can be obtained.
Where, M is the voltage gain. Duty cycle range is 0<d<0.5. UO is the output voltage of the converter.
Where IL1 and IL2 are the average inductor current of L1 and L2 respectively. Iin is the average input current. IO is the output current of the converter.
Where UD2, UD3, UD4 and UD5 are diode voltages of D2, D3, D4 and D5 respectively. UC1, UC2, UC3, UC4 and UC5 are the capacitor voltages of C1, C2, C3, C4 and C5 respectively. UQ is the power switch Q voltage.
According to formula (1) and (3), the duty cycle is less than 0.5 while achieving high voltage gain and the voltage stresses of diodes and capacitors are low.
The state space averaging method is used to model the converter and the state space average model within a period is obtained. According to the small signal disturbance equation, the state space small signal model of the converter is obtained as formula (4) , shown at the top of the next page.
Control strategy design of converter
In this paper, the double-closed-loop PI control controller of inductor current and output voltage is designed. The block diagram of the double-closed-loop control system considering input voltage disturbance is shown in Figure 2 . In Figure 2 , the input voltage disturbance directly affects system. Until the output voltage variation is fed back to the controller, the duty cycle d is adjusted to control the output voltage remaining stable. Therefore, feedforward compensation network must be adopted to suppress the influence of input voltage disturbance.
In practical application, the output voltage variation can only be controlled by adjusting the d of PWM, so the control system as shown in Figure 3 is usually adopted to suppress the input voltage disturbance.
Figure 3
The improved double-closed-loop control system considering input voltage disturbance 
is the equivalent resistance in the circuit of C3 and C5. r2 (i.e.,
is the equivalent resistance in the circuit of C1, C2, C3, C4 and C5. Where
Ô () Ut are small signal disturbance variables respectively. In Figure 3 ,
. According to formula (4), the transfer function f () Gs is related to the input voltage Uin and load resistance R, which increases the complexity of system controller design. Therefore, in practical application, input voltage disturbance can be suppressed by making
The K is a constant, which is obtained through experimental debugging [10] .
Experimental result verification
In this paper, a 400W experimental prototype is designed for experimental verification. Voltage and current double-closed-loop PI control and input voltage feedforward compensation control are adopted. DSP controller(i.e.,TMS320F28335) is adopted. MOSFET is adopted as power switch and switch frequency is 20kHz. The output voltage ripple rate is 1%. The inductor current ripple rate is 40%. The parameters of the prototype are shown in table 1. The experimental platform is shown in Figure 4 . Figure 6 .
In Figure 5 , the input voltage decreases from 120V to 40V for a total of 15s to approximate the output voltage characteristics of fuel cell. The output voltage remains stable at reference value 400V due to the adjustment of feedforward compensation control and doubleclosed-loop control with negative feedback. Figure 6 , as the input voltage gradually decreases, the input current gradually increases to meet the bus power demand of the converter output side.
The prototype has wide boost range. When the input voltage decreases from 120V to 40V, the voltage gain M increases from 3.3 times to 10 times and the duty cycle d changes from 0.2 to 0.4. The control system has strong ability to resist input voltage disturbance.
Figure 6
The input voltage Uin and input current iin waveforms during input voltage disturbance experiment When fuel cell vehicle is running, the vehicle demand power changes frequently. Therefore, dc-dc converter is required to have good ability to resist load disturbance.
During load disturbance experiment, the input voltage is 40V and the reference output voltage is 400V. The electronic load is used to make the load resistance increasing from 400 ohms to 800 ohms and then decreasing to 400 ohms. The input current iin and output voltage UO waveforms are shown in Figure 7 . Fig.7 The input current iin and output voltage UO waveforms during load disturbance experiment In figure 7 , when the demand power changes abruptly, the current waveform can quickly follow the demand power variation. When the load resistance increases, the input current fluctuation is less than 20ms. When the load resistance reduces, the input current fluctuation is less than 10ms. The output voltage remains stable at the reference value 400V. It can be concluded that the experimental prototype has a good ability to resist load disturbance.
Conclusion
High voltage gain DC/DC converter for fuel cell vehicles need to consider the impact of fuel cell output fluctuations. A quasi-z source network DC/DC converter for fuel cell vehicles is studied in this paper. The double-closed-loop negative feedback PI control strategy of voltage and current is adopted. The input voltage feedforward compensation control strategy is adopted to improve system's ability to resist input voltage disturbance. The conclusions are as follows.
The proposed feedforward compensation strategy combined with voltage and current double-closed-loop PI control strategy can effectively suppress the influence of input voltage disturbance. In addition, The system has good dynamic response performance and strong ability to resist load disturbance.
